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 Analysis of S-PolKa dual-polarization radar and 6-hourly ERA-interim reanalysis data 
shows the multiscale atmospheric conditions and changes in convective organization during a 
central Indian Ocean Madden-Julian Oscillation (MJO) event observed by the 
DYNAMO/CINDY/AMIE field campaigns in October 2011. Shifts in reflectivity and dual-
polarization characteristics of four precipitation types over two time periods, at the beginning 
and end of the MJO passage over the radar, showed a transition towards shorter bursts of more 
intense convective precipitation over a smaller portion of the radar domain. These convective 
elements displayed greater upscale organization as the surrounding environment gradually 
became more strongly sheared with greater instability, associated with persistent lower-level dry-
air advection from the westerly wind burst. These bursts of convection, especially in the first 
time period, appeared with periodic dry-air intrusions into the central equatorial Indian Ocean.  
The changes in the vertical distribution of ice particles indicate that graupel progressively 
occurred over a greater depth, associated with the overall increasing intensity of convective 
precipitation. As the MJO progressed eastward, other ice particle types occurred over shallower 
depths with decreased reflectivity values. This change in the aggregates and ice crystals signals a 
transition towards shorter residence times as a result of weaker stratiform precipitation with 
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Tropical oceanic deep convection often undergoes upscale growth from shallow 
convective to deep convective cores, which may organize into mesoscale convective systems 
(MCSs) with broad stratiform regions [e.g. Mapes et al., 2006; Zuluaga and Houze, 2013; Houze 
et al., 2015]. This transition occurs within the Intertropical Convergence Zone (ITCZ), but is 
modulated in the Indian and western Pacific Oceans by the 40-50 day periodic passage of the 
Madden-Julian Oscillation [MJO; Madden and Julian, 1971; 1972], where the convection is 
coupled with the wave signature [Johnson and Ciesielski, 2013]. This intraseasonal oscillation 
was first characterized using sounding observations, where periodic fluctuations in upper- and 
lower-tropospheric zonal winds and surface pressure were observed in the central Pacific 
[Madden and Julian, 1971]. Expanded sounding analysis determined that the MJO is a global 
phenomenon which propagates slowly eastward in the Tropics [Madden and Julian, 1972] at an 
average speed of 5 ms-1 [e.g., Weickmann et al., 1985; Knutson et al., 1986]. This propagation 
speed and direction clearly distinguish the MJO from other disturbances in the tropical 
atmosphere, namely convectively coupled Kelvin waves which propagate eastward at a faster 
speed of ~15 ms-1 [e.g., Wheeler and Kiladis, 1999] and equatorial Rossby waves which 
propagate westward behind the convection coupled with the MJO [Madden, 1986]. Enhanced 
low-level convergence and upper-level divergence, which allow for enhanced deep convection, 
are only associated with the wave in the Indian and western Pacific Oceans [Madden and Julian, 
1972] and characterize the “active phase” [Nakazawa, 1988]. When the convectively-active 
phase of the MJO moves through this region, there is an increase in the number and size of deep 
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cloud clusters, although the suppressed phase is characterized by less-frequent deep convection 
[Mapes and Houze, 1993b; Chen et al., 1996; Zhang, 2005; Powell and Houze, 2013; Guy and 
Jorgensen, 2014; Powell and Houze, 2015; Rowe and Houze, 2015]. The active phase convection 
has also been observed to have a multiscale structure, with the synoptic-scale “super cluster” 
propagating slowly eastward while smaller convective clusters move westward [Nakazawa, 
1988; Hendon and Liebmann, 1994].  
The environmental conditions affecting convective initiation and development vary 
depending on the MJO phase. During the convectively-suppressed period, convection remains 
shallower and more isolated with lesser rainfall overall [e.g. Rowe and Houze, 2015]. As the 
MJO transitions into the active phase, there is an increase in horizontal and vertical extent of 
convection as well as a later peak in daily precipitation as the troposphere gradually moistens 
over ~7 days [e.g. Powell and Houze, 2013; Powell and Houze, 2015; Rowe and Houze, 2015; 
Takemi, 2015]. This buildup to the active phase is not well understood, with some studies 
indicating the importance of sea-surface temperature in air-sea coupling for initiation of some 
MJOs [e.g. Slingo et al., 2003; Masunaga et al., 2006; Fu et al., 2015; Wang et al., 2015b] while 
others place more emphasis on cumulus clouds at helping to precondition the atmosphere for the 
active phase through humidification [e.g. Powell and Houze, 2013; Powell and Houze, 2015; 
Takemi et al., 2015]. Outlines of various buildup processes for the MJO can be found in Powell 
and Houze [2013]. With the onset of the active phase comes a defined convective envelope 
containing the active phase convection. The environmental conditions within this envelope 
undergo a transition over a ~2 week period from weak ascent throughout the troposphere towards 
the leading-edge (eastern edge) to deep ascent and pronounced positive moisture anomalies 
during the precipitation peak to strong deep-layer shear and only upper-level ascent at the 
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backend (western edge) of the envelope [e.g. Zhang, 2005; Wang et al., 2015b]. The cause of this 
transition, whether from equatorial waves or mesoscale systems, is still under investigation 
[Zhang, 2005]. The shift in the envelope environment provides favorable conditions for a 
transition of the convection from shallow convective elements to deep convective cores to wide 
convective cores to broad stratiform regions observed on time scales ranging from the entire 
active phase [Barnes and Houze, 2013] to 2-day convective bursts during the active phase 
[Zuluaga and Houze, 2013]. Lower-tropospheric moisture at the end of the active phase 
decreases as dry air advects into the Indian Ocean off East Africa with anomalous westerly 
winds [e.g. Kerns and Chen, 2014]. These anomalous westerly winds have been associated with 
equatorial Rossby gyres at the backend of the convective envelope which may develop into 
tropical cyclones [e.g. Chen and Houze, 1996; Zhang, 2005]. Convective systems increase in 
depth but decrease in number as the MJO transitions back into the suppressed phase, when 
isolated convection is more prominent [Guy and Jorgensen, 2014]. The complex interaction 
between the environment and deep convection in the Indian Ocean is not well understood, and 
the passage of the MJO provides an opportunity to understand how tropical convection behaves 
in varying large-scale regimes. 
Although MJO active phase convection was initially characterized by satellite 
observations, in-situ observations of this convection were primarily collected by two field 
efforts: Tropical Ocean and Global Atmosphere Coupled Ocean–Atmosphere Response 
Experiment (TOGA-COARE) in the western Pacific Ocean, and the combined efforts of the 
Dynamics of the MJO (DYNAMO), Cooperative Indian Ocean Experiment on Intraseasonal 
Variability in Year 2011 (CINDY2011), and the ARM MJO Investigation Experiment (AMIE) 
campaigns of 2011. Satellite imagery showed increases in moderately cold cloud areas (< 235K) 
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in the afternoon and the frequency of large cloud clusters peaking before dawn and decreasing in 
the morning, but the diurnal cycle modulated the large clusters and not the isolated ones [Mapes 
and Houze, 1993b]. Chen et al. [1996] noted that westward-propagating cloud clusters during 
TOGA-COARE underwent a distinct diurnal cycle. Further investigation by Chen and Houze 
[1997b] found large and long-lived convective systems forming from 1400-1900 LST, reaching a 
maximum areal extent and depth from 0000-0600 LST as is common for deep convection over 
the open ocean, and then decaying on the next day. They also saw the frequency of small cloud 
systems maximizing in the afternoon and pre-dawn hours LST when convection was more 
isolated and shorter-lived. The tropical diurnal cycle associated with MJO convection was 
examined for 12 years between TOGA-COARE and DYNAMO using satellite products and 
showed an increase in the diurnal cycle amplitude of rainfall rate over the ocean, while being 
largely in agreement with the above convective characteristics associated with the diurnal cycle 
[Sakaeda et al., 2017]. For MJOs observed during DYNAMO, overnight upscale growth of 
convection into MCSs with increased stratiform contribution occurred with a shift from the 
suppressed to active phase, with morning convection likely initiated by cold pools emanating 
from the MCSs [Rowe and Houze, 2015].  
On longer timescales, Hendon and Liebmann [1994] observed a 2-day change in 
mesoscale organization from satellite measurements, attributed to a 2-day periodicity in the 
magnitude of tropospheric mean easterlies. A similar ~2-day periodicity in cloud clusters during 
TOGA-COARE [Chen and Houze, 1996] was postulated to result from a combination of the 
diurnal cycle and westward-propagating inertio-gravity waves [Chen and Houze, 1997b], but has 
since been heavily attributed to only the 2-day westward-propagating waves [Zhang, 2005; 
Johnson and Cieselski, 2013; Zuluaga and Houze, 2013], with an exception for the second MJO 
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observed by DYNAMO which had two prominent eastward-moving Kelvin waves that 
modulated the convection [Johnson and Cieselski, 2013].  An idealized model of convectively-
coupled waves found that Kelvin waves were favored during the active phase when squall lines 
are prominent, while westward-propagating inertio-gravity waves are favored as the active phase 
transitions into the suppressed phase [Khouider et al., 2012b]. Thus, the 2-day periodicity of 
active phase convection must be considered when addressing interactions between the tropical 
environment, which contains equatorial waves, and other large-scale variations in convective 
occurrence.  
Other than periodic signatures of the convection, the multiscale relationship between the 
environmental winds and active phase precipitation is important for understanding changes in 
MJO convection. The large-scale flow associated with the MJO convective envelope (i.e. active 
phase) likely increases mesoscale organization activity [Hendon and Liebmann, 1994], although 
this relationship between the large-scale circulation and convective clusters is not 
straightforward since upper-tropospheric outflow from modeled organized convection drove the 
large-scale circulation [Moncrieff, 2004]. Mapes [1993] highlighted this complex interaction 
through addressing feedbacks between the circulation and convection, noting a positive feedback 
between tropical deep convection and horizontal divergence profiles similar to those observed in 
MCSs which could lead to self-organizing convective clusters. Furthermore, favorable large-
scale forcing in a model framework has been shown to cause self-aggregation of tropical deep 
convection [Su et al., 2000]. Protat and Lemaitre [2001] found that multiscale interactions 
between the environment and mesoscale organization during TOGA-COARE consisted of 
synoptic-scale vertical wind shear affecting the internal structure of a mesoscale system, while 
mesoscale and convective-scale processes arising from precipitation modulated the synoptic-
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scale flow. The importance of large-scale vertical wind shear at initiating and organizing 
mesoscale convection was also observed during DYNAMO [Judt and Chen, 2014; Rowe and 
Houze, 2015].  
The environmental moisture has also been shown to have multiscale interactions with the 
convective envelope. Powell and Houze [2013] showed that convective populations during 
DYNAMO increased in areal coverage and depth as the MJO transitions to its active phase and 
moisture increases throughout much of the troposphere, noting that convection increased prior to 
humidification and the effect of lower-tropospheric moisture on the convection was not 
determined. Hagos et al. [2014a] observed a sensitivity for transition to the active phase 
according to mid-level large-scale relative humidity, and less sensitivity to mid-tropospheric 
large-scale upward motion. They also found that mid-level moistening immediately preceding 
the active phase was forced by large-scale vertical motion associated with boundary-layer 
convergence, with convective-scale processes playing only secondary roles in moisture transport. 
Kerns and Chen [2014] observed a significant role for moisture advection in MJO convective 
processes, as a synoptic-scale dry-air intrusion from the subtropics appeared to initiate the active 
phase equatorial convection. Persistent eastward advection of dry air by the westerly wind burst 
(WWB) was coincident with suppression of convection on the western side of the envelope 
[Kerns and Chen, 2014]. 
This study will highlight the transition of tropical deep convection characteristics 
associated with the passage of an MJO in the central Indian Ocean. The observations from the 
DYNAMO/CINDY/AMIE field campaigns used for this study are detailed in Section 2. Section 
3 discusses changes in environmental moisture and wind profiles on multiple spatial scales, 
which are used to provide context and to assess multiscale interactions with the convection. The 
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evolving characteristics of the convection and local moisture and wind conditions are discussed 
in Section 4, using soundings and dual-polarization radar retrievals to detail changes in the depth, 
areal coverage, intensity, and longevity of stratiform and convective precipitation and their 
respective precipitation particle types. Particular emphasis is placed on the relationships between 
























This study focuses on the first MJO (MJO-1) of three observed by the 
DYNAMO/CINDY/AMIE field campaigns (see Section 2.2) in the central equatorial Indian 
Ocean. MJO-1 propagated across the Indian Ocean in the latter half of October 2011, with its 
active phase [Wheeler and Hendon, 2004] present over the DYNAMO array (Section 2.2) from 
20-31 October [Powell and Houze, 2013; Figure 3]. Deep convection associated with the active 
phase of MJO-1 can be seen in Figure 1. Since the primary objective of this study is to 
characterize and understand the influences on changing tropical deep convection in the Indian 
Ocean, my analysis of multiscale atmospheric conditions and convective evolution focuses on 
the active phase of MJO-1 when deep convection is more frequent. 
2.1 ERA-Interim reanalysis 
To represent larger-scale atmospheric conditions in the Indian Ocean during MJO-1, I 
used ERA-Interim reanalysis data produced by the ECMWF (ECMWF, 2009). This 6-hourly 
reanalysis dataset has ~0.70o horizontal resolution, 60 vertical levels of varying resolution up 
through 0.1 hPa, and was assimilating DYNAMO data [Miyakawa et al., 2014] which allows for 
closer agreement with DYNAMO observations. While these grids can illustrate the large-scale 
flow associated with MJO-1 and the general synoptic-scale conditions during the time period, the 
difference in scales with the S-PolKa radar domain necessitated the creation of a quasi-
mesoscale definition for the atmospheric conditions. I constructed three-dimensional averages 
over a ~500 km2 region centered on Addu Atoll (black box in Figure 2) over various layers of the 
atmosphere to characterize conditions in the upper (400-200 hPa), middle (700-400 hPa), and 
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lower (925-700 hPa) troposphere. The deep-layer (850-200 hPa) and lower-level (1000-700 hPa) 
vertical wind shear were calculated using two-dimensional averages over the same area and then 
taking the difference between the specified levels.  
2.2 DYNAMO/CINDY/AMIE field campaigns 
A total of three MJOs were sampled during the intensive operation period of the 
campaigns. Four primary observation sites located on Gan Island (0.7°S, 73.2°E), Diego Garcia 
(7.3°S, 72.5°E), the R/V Roger Revelle (0.7°S, 79°E), and the R/V Mirai (7.3°S, 79°E) comprise 
what will be referred to as the ‘DYNAMO array’. Atmospheric soundings were launched at these 
sites, with additional sounding data from other sites within and surrounding the Indian Ocean. 
Radars were stationed at each site, including a ‘supersite’ of radars on or near Gan Island, to 
observe a range of non-precipitating and precipitating tropical convective clouds at various 
wavelengths. Moored buoys near the DYNAMO array and ship observations of the marine 
boundary layer and upper-ocean from the Revelle and Mirai sites provided insight into the air-
sea interactions during MJO passages. This study used radar data from S-PolKa located near Gan 
Island (see Section 2.3) and soundings from Gan Island (see Section 2.4) to characterize the 
convection and environmental conditions during MJO-1. The campaigns also collected intensive 
airborne in-situ and radar observations, but these were not available during my study’s 
timeframe.  
2.3 S-PolKa radar 
The NCAR S-PolKa radar is a dual-wavelength (10.7 and 0.8 cm), dual-polarization 
radar that was stationed on Addu Atoll (0.7oS, 73.1oE) during the time period from 1 October 
2011 to 15 January 2012. Only the S-band (10.7 cm) scans were used to allow for maximum 
observing distance and lesser attenuation. S-PolKa performed PPI (plane-position indicator) and 
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RHI (range-height indicator) scans at 15-minute intervals out to 150 km throughout MJO-1, with 
the exception from approximately 0800 UTC 25 October 2011 through 0500 UTC 26 October 
2011. The dual-polarization of the radar pulses allows for identification of precipitation particles 
using membership functions that constitute a particle identification algorithm (PID) developed 
by NCAR for dual-polarimetric data [Vivekanandan et al., 1999], and outlined in more detail by 
Barnes and Houze [2014]. Details on the quality control methods used for the S-PolKa dataset 
are provided in Rowe and Houze [2014]. 
S-PolKa PPI scans were conducted over the whole 150 km radius domain encircling 
Addu Atoll, while RHI scans were only conducted in the eastern half (azimuthal angles 4-82o 
and 114-140o) due to tree blockage to the west of the radar. Quality-controlled RHI scans were 
used to create contoured-frequency-by-altitude diagrams (CFADs; Yuter and Houze, 1995) with 
0.5 km vertical resolution to 17 km altitude. CFADs characterize the vertical distribution of 
reflectivity values and can provide information on precipitation particles and echoes over a 
chosen time period, although grouping many RHI scans into a single CFAD can make it difficult 
to determine changes over time. Therefore, I also binned reflectivity values according to height 
and time for various reflectivity thresholds and particle types to better illuminate temporal 
changes. These frequency distribution diagrams will be referred to as contoured-frequency-by-
altitude time series (CFATs). Both the CFADs and CFATs were normalized by the maximum 
frequency at every height bin to highlight the most common reflectivity values and times, 
respectively, at every height for each vertical distribution. 
2.4 Gan soundings 
While S-PolKa provided precipitation conditions out to 150 km, local wind, humidity, 
and temperature observations were obtained using 3-hourly radiosonde observations released 
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from Gan Island (located 8 km from the S-PolKa radar). For this study, I used the Level 4 dataset 
[UCAR, 2013; Ciesielski et al., 2011; 2014], with interpolation to a 5-hPa uniform vertical 
resolution and quality-control flags. Sounding data points with a quality-control flag less than 4 
were included, with minor additional removal of questionable repetitive data. The vertical 
distribution of relative humidity for each sounding was determined using the Clausius-Clapeyron 
relationship. The θe level differences used to estimate the stability of a tropospheric layer were 
calculated using the Marti and Mauersberger [1993] approximation for the saturation vapor 
pressure for ice.  
2.5 Raintype partition algorithm 
To track changes in precipitation types over MJO-1, precipitation was categorized by a 
raintype partition algorithm developed by Powell et al. [2016]. This algorithm develops echo 
classifications using primarily reflectivity, radius, and areal coverage thresholds from the lowest 
available PPI scans in polar coordinates. The resulting classification adds four additional 
categories to the traditional convective-stratiform separation [Steiner et al., 1995], dividing 
raintypes into 6 categories: stratiform, convective, uncertain, isolated convective core, isolated 
convective fringe, and weak echo.  
This study used the first 4 categories to track raintype changes.  The raintype data are 
from an interpolated Cartesian grid of 0.5 km horizontal and vertical resolution, and the raintype 
at each grid point is based on the raintype determined by the algorithm at 2.5 km altitude. Since 
threshold classifications can cause precipitation to change categories between consecutive PPI 
scans, raintype data was only used once every 3 hours to limit this category-oscillation effect. 
This instantaneous sampling over a time scale longer than the lifecycle of individual convective 
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elements could misrepresent precipitation amounts over small time periods, although gradual 
trends would still be evident.  
To determine how much of the S-PolKa radar domain was covered by a particular 
raintype (i.e. areal coverage), the number of grid points for a raintype were divided by the total 
number of grid points within the radar domain (600 x 600). The resulting areal coverages were 
then normalized by the maximum value over MJO-1 to illuminate changes for each raintype. 
Owing to the shallower depth of isolated convective cores and beam height changes with 
distance from the radar, the S-PolKa areal coverage calculations were limited to within 100 km 
of the radar for this raintype. Lastly, the “uncertain” raintype will be referred to as “mixed” since 


















FIG.1. Meteosat-7 thermal infrared image over the central equatorial Indian Ocean at 0000 UTC on 25 October 
2011. Convection is shown by cloud top temperatures (K), with white indicating shallow clouds and colors 












FIG.2. Relative humidity (%, contours) and winds (ms-1, barbs) at 850 hPa from ERA-interim reanalysis over the 
Indian Ocean basin at 0000 UTC on 30 October 2011. The black dot represents the location of Gan Island and the S-














GENERAL TRENDS OF LARGE-SCALE CONDITIONS FOR MJO-1 
 
During MJO-1, the periodicity of convective bursts and other related phenomena were 
superimposed on general synoptic trends associated with the translation of the active phase 
through the central equatorial Indian Ocean.  These oscillations in large-scale moisture and 
gradual changes in the large-scale wind field are important for understanding the changes in 
precipitation during the passage of MJO-1.   
3.1 Large-scale moisture fluctuations and dry-air intrusions 
The relative humidity (RH) around Addu Atoll was largely greater than 70% below 200 
hPa (Figure 3a) for the entire time period, so RH will be mentioned in terms of dry-air intrusions 
to indicate fluctuations in this moist environment. Upper-level dry-air intrusions (400-200 hPa) 
occurred roughly every 2 days and were more pronounced in the first half of MJO-1, with 
intrusions on 20 and 23 October being roughly 0.75 σ drier than the average RH during MJO-1 
for this layer (Figure 4, tan line). The decrease in RH on 23 October was the only noteworthy 
mid-tropospheric dry-air intrusion (700-400 hPa) in the beginning of MJO-1, being roughly 0.75 
σ drier than the average RH during MJO-1 (Figure 4, light red line). A gradual decline in mid-
tropospheric RH occurred after 26 October.  
The early dry-air intrusions are visible on large-scale moisture analyses (Figure 5a) 
emanating at least 5o to the southeast from Addu Atoll, likely originating in the subtropical trade 
wind region [Kerns and Chen, 2014]. Lower-tropospheric dry-air intrusions (925-700 hPa) were 
not pronounced until a large decrease after 26 October, ultimately decreasing 15% from its peak 
moisture by 30 October (Figure 4, dark red line). The lower-tropospheric RH on 30 October was 
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roughly 1.0 σ drier than the average for that layer during MJO-1, and was even drier than the 
average RH over the DYNAMO field campaign [Figure 4, black line]. Figure 2 shows the 
persistent lower-level decrease in moisture that is visible as a plume of dry-air emanating from 
East Africa associated with the strengthening westerly winds characterizing the WWB, with an 
accompanying weak cyclonic gyre immediately west of the DYNAMO array. 
3.2 Large-scale wind conditions and increasing vertical wind shear 
The large-scale upward motion associated with MJO-1 can be discerned through the 
upper-level divergence (400-200 hPa) and lower-level convergence (925-700 hPa) signature 
throughout the MJO passage near Addu Atoll (Figure 3b). This divergence pattern leads to 
upper-level westerly and lower-level easterly winds towards the front-end of an MJO convective 
envelope and upper-level easterly and lower-level westerly winds at the back-end. Throughout 
the active phase of MJO-1 (20-31 October), sounding observations from Gan Island primarily 
showed wind patterns typical of the back-end of the convective envelope (not shown). Although 
the large-scale flow direction remained fairly constant, oscillations in the magnitude of the 
divergence occurred for the analyzed layers, but without a discernible periodicity like with the 
large-scale moisture. During the passage of MJO-1, the divergence amplitude generally 
decreases for the analyzed layers, indicating a gradual transition to the suppressed phase when 
the upper- and lower-level divergence pattern would reverse.  
The vertical wind shear changes are opposite to the divergence, with gradual increases 
over MJO-1. This is most notable in the easterly deep-layer vertical wind shear (850-200 hPa), 
but is also visible in the easterly lower-level vertical wind shear (1000-700 hPa) especially after 
26 October (Figure 3c). The uptick in lower-level vertical wind shear is largely a signature of the 





FIG.3. ERA-interim reanalysis spatial means over the region shown in Figure 2 for (a) relative humidity, (b) 
divergence, and (c) vertical wind shear for 20-31 October 2011. For panels (a) and (b), the relative humidity and 
divergence were calculated for the layers from 400-200 hPa (tan), 700-400 hPa (light red), and 925-700 hPa (dark 
red). For panel (c), the vertical wind shear was calculated for the level difference between 850-200 hPa (light green) 




FIG.4. Standard deviation differences for relative humidity spatial means over the region shown in Figure 2 for 20-
31 October 2011. The spatial means were calculated for the layers 400-200 hPa (tan), 700-400 hPa (light red), and 
925-700 hPa (dark red). The solid black line represents the temporal mean of the 6-hourly spatial means over the 
DYNAMO field campaign from 1 September 2011 through 31 March 2012. The solid-colored lines represent the 
standard deviation differences between the 6-hourly spatial means during MJO-1 and the DYNAMO temporal mean 
















FIG.5. Same as in Figure 2, but at 500 hPa over the central equatorial Indian Ocean for (a) 1800 UTC 22 October 




















CHANGES IN CONVECTIVE CHARACTERISTICS OVER MJO-1 
 
4.1 MJO-1 time period definitions 
 Since the vertical wind shear gradually increased over MJO-1, the relatively rapid 
decrease in deep-layer vertical wind shear from 25-26 October (Figure 3c) is a significant 
deviation from the overall trend. The likely cause of this decrease is a cyclonic gyre to the east of 
the DYNAMO array (Figure 5b) that developed on 24 October near the Equator and gradually 
propagated westward for the next day before dissipating. A decrease in regional lower-level 
westerly winds near the gyre seemed to further indicate its effect on the WWB lifecycle. This 
interruption of the WWB, combined with S-PolKa radar data losses during the same two days, 
led to separation of my MJO-1 analyses into two equal time periods: 20-24 October (TP1) and 
27-31 October (TP2). Comparisons between these periods will serve as my method of 
determining convection changes during the passage of MJO-1.  
4.2 Variations in raintype occurrence with environmental changes 
   4.2.1 TP1 – moist environment, wide variety of convection 
In general for TP1 and TP2, the peaks for isolated convective cores and convective 
precipitation identified by the Powell et al. [2016] raintype partition algorithm occurred from 
when solar radiation maximizes in late afternoon LST through the nighttime hours, as is common 
for tropical oceanic deep convection [Chen and Houze, 1997b]. During TP1 of MJO-1 (20-24 
October), there were three primary bursts of isolated convective cores: midday on 20 October, 
late on 21 October, and early on 23 October (Figure 6a, dashed line). These were associated with 
bursts of convective precipitation shortly thereafter (Figure 6b, dashed line), however a 
convective precipitation peak is also evident on 24 October that is not preceded by a large peak 
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in isolated convective cores. Each of these peaks is accompanied with increases in lower-
tropospheric instability (Figure 6; dark blue lines), while a noticeable decrease in mid-
tropospheric stability (light blue lines) is only present on 21 October.  
The oscillation of isolated and convective precipitation peaks, along with tropospheric 
instability, is associated with the mid- and upper-level moisture periodicity. Decreases in spatial 
mean (Figure 3a) and sounding RH (Figure 7) appear shortly before peaks of isolated convective 
cores, and increases in RH shortly thereafter. These decreases in RH are likely due to dry-air 
intrusions originating southeast of Addu Atoll seen on large-scale moisture analyses of the 
Indian Ocean (Figure 5a).  
During TP1, mixed and stratiform precipitation bursts occurred shortly after peaks in the 
two convective types of precipitation (Figure 7), with stratiform peaks correlating well with 
increases in upper-level moisture in both spatial mean and sounding RH. Although the 
magnitudes of upper-level divergence and lower-level convergence during these peaks are not 
particularly large (Figure 3b), they are similar in magnitude to a large-scale composite of 
divergence profiles found by Mapes and Houze [1995] in the vicinity of MCSs during TOGA-
COARE. This magnitude similarity likely indicates the divergence during TP1 had a positive 
influence on convective initiation, although MCSs during MJO-1 occurred east of Addu Atoll 
outside of the domain of S-PolKa. Easterly deep-layer vertical wind shear greater than 10 ms-1 
throughout TP1 (Figure 3c) would aid in convection longevity by advecting hydrometeors 
behind eastward-moving convective cells and clusters, allowing for additional production of 
stratiform precipitation.  From these relationships to moisture, instability, and wind shear, local 
and larger-scale environmental conditions coincide with oscillations of convective and stratiform 
precipitation for TP1. 
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   4.2.2 TP2 – lower-level dry air, occasionally intense convection 
With the WWB evident and strengthening after 26 October, convection during TP2 of 
MJO-1 (27-31 October) appeared to be strongly influenced by this feature. Mid- and lower-
tropospheric decreases in spatial mean RH were persistent (Figure 3a), leading to increases in 
lower-tropospheric instability as well as increases in mid-tropospheric stability (Figure 6). A 
decrease in lower-tropospheric sounding RH was also present during this period (Figure 7). The 
environment around S-PolKa was therefore drier but more unstable, a combination likely 
resulting in decreased formation and longevity of convection on average yet more vigorous 
convection when initiation occurred (discussed in Section 4.3.2).  
Areal coverage of isolated convective cores only slightly decreased on average from TP1 
(Figure 6a), indicating sufficient moisture and instability for their continued initiation. Despite 
the gradual decrease in upper-level divergence and lower-level convergence throughout TP2 
(Figure 3b), the divergence pattern also does not seem to significantly influence the occurrence 
of isolated convective cores (Figure 6a). For the convective raintype, however, the decreases in 
RH do seem to negatively influence their existence, as evidenced by a substantial decrease in 
areal coverage from TP1 (Figure 6b). Mixed precipitation, which contains a convective core, also 
considerably decreased from TP1, but stratiform precipitation did not decrease as much (Figure 
7). Thus when convective cells developed, production of stratiform precipitation was negatively 
impacted but not proportionally.  
These decreases in RH possibly negated much of the positive benefit from the presence 
of vertical wind shear, since decreases in convective precipitation were correlated with decreased 
stratiform occurrence despite increases in deep-layer shear that would aid in sustaining updrafts 
and producing stratiform precipitation. Likewise, increases in lower-level shear (Figure 3c) 
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would possibly aid in containing the outward propagation of cold pools, which would otherwise 
likely inhibit updraft longevity and thus the longevity of convection as described by Weisman 
and Rotunno [2004].  This relationship between lower-level shear, cold pools, and updrafts 
remains an active debate. However, when sufficiently deep convection did initiate, the larger 
wind shear and instability could increase the likelihood that cells would eventually attain 
mesoscale organization, such as the squall line which developed on 31 October (Figure 9b).  
4.3 Vertical precipitation distribution of MJO-1 convection 
 Throughout TP1, S-PolKa generally observed convective elements that would grow in 
size, occasionally combine with other convective cells (Figure 8a), and then collapse to form 
stratiform precipitation within a few hours. This cellular lifecycle was embedded within the 2-
day periodicity of tropical deep convection in the central equatorial Indian Ocean mentioned 
previously. Long-lived convective precipitation with more mesoscale organization was not 
typically present for this early part of MJO-1, except for a unique period of mixed precipitation 
on 24 October that persisted for 12 hours (Figure 7a) and covered most of the radar domain 
(Figure 8b). TP2 convection (Figure 9) had a similar life cycle to that in TP1, although with 
lesser occurrence of stratiform and mixed precipitation (Figure 7). The convective cells in TP1 
that combined tended to last longer (discussed in Section 4.3.2) and be larger horizontally in size 
(not shown). However, mesoscale organization appeared more prevalent in TP2, such as on 31 
October (Figure 9b) when 2 squall lines developed and propagated across the radar domain.  
   4.3.1 Vertical precipitation characteristics of TP1 and TP2 
 Although individual cells throughout MJO-1 were not long-lived, cells and especially 
clusters reaching depths of at least 10 km were not uncommon during each convective burst, 
enabling precipitation particles to be lofted into the upper-troposphere. The reflectivity CFAD 
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for TP1 (Figure 10a) showed a large variety of precipitation intensities or particle sizes, 
evidenced by reflectivity values below the 4.5 km melting level ranging from 0 to at least 50 
dBZ. The high-frequency peak of the low-level distribution is also wide, spanning 5 to 30 dBZ 
below the melting level, indicating convection of widely-varying strength. The variance of the 
low-level reflectivity distribution is likely linked to the general lifecycle of convection and 2-day 
convection bursts, while a high-frequency of stronger reflectivities during TP1 indicates 
sufficient moisture and instability for strong convection around S-PolKa.  
From 14 km altitude down to the melting level, reflectivity values gradually increased 
likely due to increased aggregation and growth by deposition. However, the high-frequency peak 
above the melting level remains wide, indicating the presence of a variety of ice particle 
quantities or sizes throughout TP1. In contrast to TP1, the reflectivity CFAD for TP2 (Figure 
10b) has a thinner high-frequency peak throughout the troposphere with a general shift towards 
lower reflectivity values. This indicates that convection during TP2 was generally weaker on 
average, with smaller ice particles likely existing aloft and a smaller variety of convective 
intensities. However, reflectivity values of 50 dBZ were still present in TP2 below the melting 
level, showing a tendency for intense convective outliers not reflected in the mean distribution. 
When including only the reflectivity associated with irregular ice crystals, the reflectivity CFAD 
for TP1 (Figure 11a) had a similar pattern to Figure 10a of a wide variety of ice crystal sizes 
above the melting level. As seen in Figure 10b, a similar shift to lower reflectivities and a thinner 
high-frequency peak is clearly evident for irregular ice crystals in TP2 (Figure 11b). With 
decreases in mid- and lower-tropospheric RH during TP2, the falling ice crystals were likely 
sublimating more than in TP1, resulting in an average decrease in reflectivity associated with 
decreases in ice crystal sizes or quantities.  
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   4.3.2 Convective longevity and intensity over time 
 To track temporal changes of convection, the vertical distribution of reflectivity was 
constructed over time (CFAT). For all of these reflectivity CFATs, there is a more consistent 
distribution of reflectivity during TP1, which along with Figures 6 and 7 indicates greater areal 
coverage and longevity of convection. TP2 is characterized by a greater sparsity of reflectivity at 
all thresholds. For the CFAT with reflectivity values greater than 20 dBZ (Figure 12a), 
convective bursts had a greater longevity during TP1 and a greater depth on average. The greater 
longevity was likely aided by higher RH during TP1, which could limit entrainment effects at 
evaporating clouds and enhance convective initiation [Feng et al., 2015]. Greater depth of 
convection likely indicates that stratiform and convective precipitation were consistently more 
vigorous, however periods of convection reaching depths greater than 10 km are still present in 
TP2. As mentioned in Section 4.2.2, the average decrease in convection depth during TP2 
(Figure 12a) occurred despite greater lower-tropospheric instability being present.  
 For reflectivity values greater than 30 dBZ (Figure 12b), the greater longevity during TP1 
is more pronounced, indicating convective and stronger stratiform precipitation lasting longer. 
The noticeable decrease in convection depth shown in Figure 12a is not apparent at this 
threshold, underscoring that depth changes for stratiform and convective precipitation were 
likely different. With this range of reflectivity values containing a larger portion of convective 
precipitation, the decrease in depth in TP2 evident in Figure 12a is likely due to a decrease in 
depth of the stratiform precipitation. This would further explain the decreased ice crystal 
reflectivities (Figure 11b), which are associated with decreased lower-level RH in TP2 that could 
sublimate the particles and generally less vigorous convection that could loft the particles. The 
greater depth for intense outlier convective precipitation seen in Figure 10b is more evident when 
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only reflectivity values greater than 40 dBZ are included (Figure 12c), which would contain 
mostly convective precipitation.  
   4.3.3 Transitions in particle type distributions over time 
The convection changes in the reflectivity CFATs (Figure 12) largely agree with the 
changes evident in the particle-type CFATs (Figure 13). There is greater longevity of graupel 
particles in TP1 (Figure 13a), indicating longer-lasting convective precipitation, while the greater 
depth of graupel particles in TP2 corresponds with the infrequent but intense convective 
precipitation associated with increased lower-tropospheric instability (Figure 10b). Moreover, 
there seems to be greater graupel production during TP1 as shown by the higher frequencies, 
which would occur if more supercooled water was present. The amount and longevity of 
supercooled water would be enhanced in the higher RH environment of TP1 when convection 
occurred more consistently and longer on average.  
For dry snow reflectivities (Figure 13b), there is generally longer-lasting convection 
during TP1 and a greater number or larger sizes of dry snow particles, as shown by the higher 
frequency above the melting level. A larger amount of dry snow would also be enhanced in the 
higher RH environment and greater convection longevity during TP1. The higher frequencies at 
lower altitudes, decreased depth, and lesser longevity during TP2 indicates weaker convection on 
average that could not loft dry snow to the higher altitudes as in TP1. For the ice crystal CFAT 
(Figure 13c), similar convection changes occurred as with graupel and dry snow.  
4.4 Mesoscale organization comparisons 
   4.4.1 Environmental conditions 
 To highlight changes in mesoscale organization during the passage of MJO-1 over the S-
PolKa radar, two cases were analyzed in greater detail. The convective-stratiform complex which 
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covered most of the radar domain from 2200 UTC 23 October to 0900 UTC 24 October (Figure 
8b) was the major instance of mesoscale organization during TP1. The quasi-linear squall line 
which developed within the radar domain shortly after 0200 UTC on 31 October and moved out 
of the domain by 0800 UTC (Figure 9b) was the most linearly-organized instance of mesoscale 
convection during TP2. The pre-dawn development times for these cases of mesoscale 
organization are consistent for tropical oceanic deep convection [Chen and Houze, 1997b]. 
Each case occurred in an environment with similar upper-level moisture, divergence profiles, and 
CAPE of ~2000 Jkg-1 observed by Gan soundings just before convective initiation. The lower-
troposphere was slightly moister and the mid-troposphere was much moister on 24 October 
(Figure 3a), taking into account that lower-level dry-air advection from the WWB was 
significantly impacting the DYNAMO array by 31 October. This lower-level dry air likely 
contributed to greater lower-tropospheric instability and mid-tropospheric stability on 31 October 
(Figure 6), allowing for more vigorous convection to develop once initiation occurred. Lastly, 
easterly deep-layer vertical wind shear was twice as strong on 31 October (Figure 3c), likely 
increasing updraft longevity as hydrometeors would be advected westward to create trailing 
stratiform.  
     4.4.2 Radar comparisons   
Dual-polarization products from S-PolKa radar PPI and RHI scans were used to compare 
the convection for each case. The convective-stratiform complex on 24 October appeared to 
propagate westward across the radar domain due to the larger proportion of stratiform 
precipitation, but convective cells and clusters which intersected or developed within the 
complex propagated eastward with lower-level westerly winds. The convective cells and 
stratiform thus appeared to be moving independent of each other, which does not imply much in 
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the way of mesoscale organization. Moreover, while the complex had convective precipitation 
which was mesoscale in size (Figure 8b), it did not have any distinguishable linear structure 
characteristic of a tropical MCS [Houze, 2004; Houze et al., 2015].  
In contrast, the squall line on 31 October maintained a quasi-linear structure as it rapidly 
propagated eastward as a unit across the domain, with the leading-edge of convective clusters 
initiating new cells ahead of the line which were intersected shortly thereafter (Figure 14b). Both 
the complex and squall line intersected convective cells and clusters, although convective 
elements intersected by the squall line were likely caused by its outflow as opposed to the 
complex intersecting existing cells moving eastward. These existing cells became embedded 
within the complex, undergoing an enhancement-weakening cycle before becoming 
indistinguishable from the surrounding convection, as for the cell visible at 100 km in Figure 
14a. In contrast, cells did not appear to embed within the leading-edge of the squall line.  
The embedded convective elements on 24 October likely aided in increasing the 
longevity of stratiform precipitation by enhancing vertical motion within the complex, ultimately 
yielding longer-lasting stratiform than the trailing stratiform associated with the squall line on 31 
October. While convective clusters comprising the leading-edge tended to be more vigorous than 
any found within the complex, average vertical motion within the radar domain was greater on 
24 October owing to greater areal coverage by convective precipitation. This average vertical 
motion is also important for the riming process when forming graupel particles. There were 
instances of graupel in convective cells and clusters for each case, but while graupel was lofted 
to greater heights by more vigorous convection within the leading-edge of the squall line (Figure 
15b), graupel was found over a larger area and tended to last longer within the complex (Figure 
15a). Graupel particles were also observed near the brightband of stratiform precipitation for 
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both cases as the convective clusters collapsed, and there does not appear to be any noteworthy 
difference in the graupel residence time. It should be noted that graupel misidentification errors 
possibly increased with distance from the radar, especially greater than 50 km. 
Beyond graupel observed on each day, the characteristic descending rear-inflow jet was 
observed behind the leading-edge of the squall line (Figure 16b), and there was curiously also 
descending rear-inflow observed behind some embedded convective clusters within the complex 
(Figure 16a). The rear-inflow of the squall line was much stronger and originated at ~4 km 
altitude, whereas the rear-inflow within the complex did not originate above 2 km and extended 
over a shorter distance (not shown). The more robust rear-inflow on 31 October, along with the 
linear structure and singular propagation direction of convection elements comprising the squall 
line, underscores the greater organization found at the end of MJO-1 than that present in TP1 as 
shown by the convective-stratiform complex on 24 October.   
4.5 Combined effects of environmental conditions on precipitation 
 Key aspects of the convection within the S-PolKa radar domain during MJO-1 are 
summarized in Figure 17. The conceptualized horizontal radar cross-section (i.e. PPI) on the left 
represents convection during TP1, when convective cells and clusters were less organized on the 
mesoscale but covered a larger proportion of the radar domain. Isolated convective cells are 
randomly dispersed and would occasionally group with other cells to form a cluster or intersect a 
large stratiform region where the cell became embedded and often increased in size. Stratiform 
precipitation which was not immediately associated with a convective cell or cluster moved 
westward with the upper-level easterlies, while stratiform within the vicinity of convective 
precipitation moved eastward. Convective cells and clusters moved eastward with lower-level 
westerlies common within the MJO convective envelope. The upper-level dry-air intrusions 
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prevalent during TP1, represented by the DRY arrow on the lower right of the PPI, impinged on 
convection from the southeast roughly every 2 days.   
Conversely, representative convection for TP2 shown in the PPI on the right had greater 
mesoscale organization, with stratiform precipitation being predominantly associated with 
convective cells that often became linearly-organized and produced isolated cells ahead of the 
leading-edge. Convection during this time period occurred about half as often, but when 
convection did develop, it would often grow upscale from isolated convective cells and produce 
trailing stratiform. Convective precipitation and associated stratiform moved eastward with the 
lower-level westerlies, while the upper-level winds advected hydrometeors behind the leading-
edge. Persistent lower-level dry-air impinged on convection from the west throughout TP2 due to 
the WWB, with the intrusion most prominent during the last three days. 
Vertical radar cross sections (i.e. RHI) of convection within each PPI summarize the 
vertical distribution of reflectivity, particle types, winds, and dry air during MJO-1. The RHI on 
the left represents a typical vertical distribution during TP1, with isolated convective cells 
reaching a depth of 6-8 km and more vigorous convective-stratiform regions reaching the 
tropopause at ~16 km altitude. Due to the limited depth of the isolated cells, their propagation 
direction was almost exclusively eastward with the lower-level westerly winds except for a small 
region above 6 km. Graupel particles were occasionally found near the 4.5 km melting level 
within the core of isolated cells, with dry snow immediately above the melting level and ice 
crystals present above the dry snow. Within a mixed convective-stratiform region, the 35 dBZ 
brightband was prominent and nearly indistinguishable from the 50+ dBZ convective cores until 
at least 20 km from the core. Graupel particles were more prevalent within the convective-
stratiform region where updrafts were likely stronger, existing as low as 2 km above the surface 
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through the 20 dBZ echo top and even into stratiform behind the core. Dry snow was often 
distributed from immediately above the brightband to 10-11 km and ice crystals would then exist 
above the dry snow to the 20 dBZ echo top. The convective cores embedded within the 
stratiform region moved eastward up through 8-10 km (depending upon their vigorousness), with 
particles immediately surrounding cores also moving eastward. Particles sufficiently displaced 
horizontally and vertically from the main updraft region would move westward with the upper-
level easterly winds. The southeasterly dry-air intrusions also impinged on convection during 
this time period between 500-200 hPa (6-13 km), likely affecting the size and amount of dry 
snow and ice crystal particles through evaporation or sublimation.  
The more linearly-organized convection typical during TP2 is vertically represented in 
the RHI on the right. Isolated convective cells were of similar depth to convection in the earlier 
time period, but stratiform precipitation decreased in depth by ~2 km. This decrease in stratiform 
depth is evident both behind the main updraft and in the trailing stratiform region. While the 20 
dBZ echo top of the leading-edge extended up through the tropopause as with deep convection in 
TP1, the convective core was often deeper by ~2 km owing to more vigorous convective 
precipitation and possibly stronger updrafts during TP2. Stronger lower-level westerly winds 
likely contributed to the dominant eastward motion of all precipitation types, with eastward 
motion within the updraft region up through 8-10 km. The propagation of isolated convective 
cells and stratiform was eastward up through 6 km. Advection of particles above these levels was 
westward owing to stronger upper-level easterly winds. The brightband region of the stratiform 
associated with the convective core was clearly distinguishable from the core itself and 
pronounced in the trailing stratiform. When deep convection occurred in TP2, graupel was more 
prominent within convective cores and was present up to 2 km higher near the main updraft 
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region than in TP1. Graupel particles were smaller in number yet still common in isolated 
convective cells, but were not often present far from convective precipitation cores. The dry 
snow and ice crystal particles were at least 1 km lower on average in TP2, but dry snow was 
found at greater altitudes when deep convection developed due to likely stronger upward motion. 
The overall weaker convection which occurred less often and covered less of the radar domain in 
TP2 was likely due to the persistent westerly dry-air intrusion from 850-650 hPa (1.5-4.5 km) 





















FIG.6. Stability (K km-1) calculated from 3-hourly Gan level 4 sounding data (colored lines) with 3-hourly raintype 
areal coverage over the S-PolKa radar domain (dashed black line) from 20-31 October 2011. The stability was 
calculated between the layers 600-400 hPa (light blue) and 925-700 hPa (dark blue). The rain types, (a) isolated 
convective cores and (b) convective precipitation, was identified by the Powell et al. [2016] raintype partition 
algorithm using S-PolKa PPI scans and has been normalized by the maximum areal coverage over the course of 








FIG.7. Mean relative humidity (%) calculated from 3-hourly Gan level 4 sounding data (colored lines) with 3-hourly 
raintype areal coverage over the S-PolKa radar domain (dashed black line) from 20-31 October 2011. The colored 
lines represent mean relative humidity over the same layers described in Figures 3 (a) and (b) for the ERA-interim 
reanalysis spatial means. The rain types, (a) mixed precipitation and (b) stratiform precipitation, were identified by 
the Powell et al. [2016] raintype partition algorithm using S-PolKa PPI scans and has been normalized by the 
maximum areal coverage over the course of MJO-1. The gap in the dashed black line on 25 and 26 October 2011 
















FIG.8. S-PolKa radar reflectivity snapshots from PPI scans for the 0.5o elevation angle representing (a) convective 





FIG.9. Same as in Figure 8, but for (a) isolated convective cells at 2332 UTC 29 October 2011 and (b) a quasi-linear 





FIG.10. Reflectivity CFADs from all S-PolKa radar RHI scans within the time periods of (a) 20-24 October 2011 
and (b) 27-31 October 2011. The CFADs have been filtered for cloud particles (PID 1) as well as non-precipitating 
particles using the S-PolKa particle identification algorithm [Vivekanandan et al., 1999] and have been normalized 
by the maximum frequency at every 0.5 km height bin from 0 to 17 km (colors). The vertical dashed lines represent 












FIG.11. Irregular ice crystal reflectivity CFADs from all S-PolKa radar RHI scans within the time periods of (a) 20-
24 October 2011 and (b) 27-31 October 2011. The CFADs include only particles identified as irregular ice crystals 
(PID 13) by the S-PolKa particle identification algorithm [Vivekanandan et al., 1999] and have been normalized by 
the maximum frequency at every 0.5 km height bin from 0 to 17 km (colors). The vertical dashed lines represent 












FIG.12. Reflectivity CFATs from all S-PolKa radar RHI scans from 20-31 October 2011 for reflectivity values 
greater than or equal to (a) 20 dBZ, (b) 30 dBZ, and (c) 40 dBZ. The CFATs include all precipitating particles as 
identified by the S-PolKa particle identification algorithm [Vivekanandan et al., 1999] and have been normalized by 
the maximum frequency at every 0.5 km height bin from 0 to 17 km (colors). The gray box from approximately 






FIG.13. Reflectivity CFATs from all S-PolKa radar RHI scans from 20-31 October 2011 for all reflectivity values 
associated with (a) graupel particles (PID 8 and 9), (b) dry snow (PID 10), and (c) ice crystals (PID 12). The 
particles were identified by the S-PolKa particle identification algorithm [Vivekanandan et al., 1999] and have been 
normalized by the maximum frequency at every 0.5 km height bin from 0 to 17 km (colors). The gray box from 
approximately 0800 UTC 25 October 2011 through 0500 UTC 26 October 2011 represents the period when S-PolKa 





FIG.14. S-PolKa radar RHI snapshots of the convective-stratiform complex on 24 October 2011 and the quasi-linear 
squall line on 31 October 2011. The panels show vertical cross-sections of radar reflectivity for the (a) 122o azimuth 














FIG.15. Same as in Figure 13, but for vertical cross-sections of particle type for the (a) 122o azimuth at 0258 UTC 
on 24 October and (b) 64o azimuth at 0555 UTC on 31 October. The particle types are identified by the algorithm in 














FIG.16. Same as in Figure 13, but for vertical cross-sections of radial velocity for the (a) 122o azimuth at 0258 UTC 















FIG.17. Schematic summarizing the convection during MJO-1 within the S-PolKa radar domain for the two time 
periods of my analysis: TP1 (20-24 October 2011) and TP2 (27-31 October 2011). The bottom panels represent 
horizontal radar cross-sections (PPIs) at 2.5 km altitude, with radar reflectivity contours of 20 dBZ (green), 35 dBZ 
(yellow), and 50 dBZ (red). Gray arrows on these PPIs represent dry-air intrusions impinging on the convection 
from the southeast during TP1 (left) and from the west during TP2 (right). The top panels represent vertical radar 
cross-sections (RHIs) through the PPIs along the lines drawn from A to B (left) and C to D (right) with the same 
reflectivity contours. The vertical distribution of ice particles is represented by the colored regions for graupel 
(orange), dry snow (blue), and ice crystals (purple), with the thick dashed black line denoting the 4.5 km melting 
level. Gray arrows on these RHIs illustrate the vertical layer over which the dry air is impinging on the convection. 
Black arrows represent the average upper- and lower-level winds, with the size of the arrows denoting the relative 
magnitude of the winds during each time period. For all panels, the outlines of the reflectivity contours represent the 
propagation direction of the convection, with solid black lines representing eastward and dashed black lines 






















 This study examines multiscale atmospheric conditions associated with convective 
organization changes during the first MJO (MJO-1) observed by the DYNAMO/CINDY/AMIE 
field campaign.  A raintype partition algorithm developed by Powell et al. (2016) from S-PolKa 
dual-polarization PPI scans identified four precipitation types within convection surrounding 
Addu Atoll (northwest DYNAMO array). Shifts in characteristics of these precipitation types 
over MJO-1 were used as a proxy for changes in convective organization within local 
environmental conditions seen by quality-controlled soundings. Layer averages over a 500 km2 
area centered on S-PolKa from ERA-Interim reanalyses were used with soundings to examine 
multiscale influences on convection.  
My analysis detailed shifts in convective characteristics between two time periods during 
MJO-1. The first time period of MJO-1 (20-24 October 2011; TP1) was characterized by greater 
longevity and areal coverage of all precipitation types analyzed. The stratiform precipitation was 
more vigorous and exhibited a 2-day periodicity similar to that in the upper-level moisture. This 
upper-level moisture periodicity was modulated by southeasterly intrusions of dry air to Addu 
Atoll as visible from ERA-Interim reanalysis relative humidity, as opposed to westerly lower-
level intrusions of dry air in the second time period (27-31 October 2011; TP2) associated with 
the westerly wind burst. Advection of this upper-level dry air during TP1 and westward-
propagating stratiform precipitation was aligned with easterly deep-layer shear. Convective 
precipitation propagated eastward during TP1 with lower-level westerly winds. Mixed 
precipitation, which has stratiform and convective characteristics, peaked in areal coverage 
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shortly after the convective precipitation. The long-lasting mixed precipitation on 24 October 
2011 contained deeper convection than in TP1, a stronger brightband signature, higher ice 
particle reflectivity values overall except for aggregates, and almost total coverage of the radar 
domain. In general, the vertical distribution of particle types and reflectivities observed by S-
PolKa indicates aggregates and ice crystals present at higher altitudes than in TP2 as well as a 
broader high-frequency distribution of reflectivities for all ice particle types. 
TP2 of MJO-1 had less precipitation overall than TP1, associated with increasing mid-
tropospheric stability and drier conditions aloft and possibly resulting in decreased longevity 
throughout. The precipitation that occurred consisted of deeper convective precipitation and a 
greater proportion of stratiform precipitation. Mid- to lower-tropospheric moisture decreased 
over the last three days due to increasing dry air advection from the westerly wind burst. This 
persistent dry air intrusion led to greater lower-tropospheric instability, which could explain the 
presence of graupel particles at higher altitudes associated with more vigorous convective 
precipitation. The end of MJO-1 was characterized by mesoscale organization in the form of 
squall lines, two of which propagated eastward across the radar domain on 31 October 2011. 
This quasi-linear convection was likely aided by stronger easterly deep-layer shear advecting 
hydrometeors behind the leading-edge into trailing stratiform regions. The increases in lower-
level and deep-layer vertical wind shear in both sounding and ERA-Interim reanalysis data 
during TP2 indicate passage of the back end of the convective envelope over the DYNAMO 
array. Moreover, decreases in upper-level divergence and lower-level convergence indicate 




Convection during these two time periods of MJO-1 showed a transition towards less 
frequent but more intense precipitation with greater upscale organization as the surrounding 
environment gradually became more strongly sheared with greater instability. Dry-air intrusions 
changed from periodic at upper-levels during TP1 to persistent at lower-levels over the last three 
days of MJO-1, with a diminished periodic upper-level signature still present in TP2. Graupel 
progressively occurred over a greater depth with progressively more vigorous convective 
precipitation, while other ice particle types occurred over shallower depths with decreased 
reflectivities. This change in aggregates and ice crystals signals a transition towards a smaller 
number or size of ice particles, likely owing to evaporation or sublimation in the drier air and 
possibly smaller residence times due to weaker stratiform precipitation.  
While overall trends of MJO-1 convection determined by this study largely agree with 
observed environmental changes during DYNAMO, it is difficult to link multiscale mechanisms 
that likely influence convection changes during this MJO passage. The 6-hourly ERA-Interim 
reanalysis data, 3-hourly quality-controlled sounding data, and 3-hourly raintype partition data 
used in this study limit my ability to explain the influence of multiscale conditions and 
mechanisms that require finer temporal resolution. Although S-PolKa RHI scans every 15 
minutes over a third of the radar domain provide adequate vertical coverage of convection within 
the radar domain, this area only covers a diameter of 300 km. Therefore, convection within the 
S-PolKa domain may not be fully representative of convection in the entire MJO-1 envelope. A 
future endeavor will use a high-resolution convection-permitting model with domains covering 
most of the Indian Ocean, initialized with ERA5 reanalysis data, to examine the convective 
organization in more detail. Model trajectories will be used to associate dry-air intrusions and the 
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westerly wind burst with convection changes as well as investigate the role of cold pools in 
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